Topological quantum computation (TQC) has emerged as one of the most promising approaches to quantum computation. Under this approach, the topological properties of a non-Abelian quantum system, which are insensitive to local perturbations, are utilized to process and transport quantum information. The encoded information can be protected and rendered immune from nearly all environmental decoherence processes without additional error-correction. It is believed that the low energy excitations of the so-called =5/2 fractional quantum Hall (FQH) state may obey nonAbelian statistics. Our goal is to explore this novel FQH state and to understand and create a scientific foundation of this quantum matter state for the emerging TQC technology.
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INTRODUCTION
The most secure modern encryption method is based on the assumption that it is impossible to prime-factorize a large digit number within a reasonable time frame. Indeed, it is estimated that factorizing a 200-digit number would require 170 CPU years using an Intel computer. This estimate, however, is drastically changed with the use of a quantum computer. In a paper published in 1994 by Peter Shor, he showed that a quantum computer (QC) could readily factorize a 300-digit number. This began a worldwide interest in QC research. Yet, after 15 years of research, many fundamental issues remain unresolved. For example, the strong coupling between electrons and their local environments greatly reduces electron coherence time and requires complex errorcorrection schemes to manipulate quantum information before it is lost. As such, there is a pressing need to identify new paradigms which can potentially enable revolutionary advances in the field of quantum computation.
Topological quantum computation (TQC) has emerged as one of the most promising approaches. Under this approach, the topological properties of a non-Abelian quantum system, which are insensitive to local perturbations, are utilized to process and transport quantum information. The encoded information can be protected and rendered immune from nearly all environmental decoherence processes without additional error-correction. It is now generally believed that the low energy excitations of the so-called =5/2 fractional quantum Hall (FQH) state may obey non-Abelian statistics. Our goal is to explore this novel FQH state and to understand and create a scientific foundation for exploiting this quantum matter state in order to build a knowledge base for the emerging TQC technology.
In this LDRD research, we propose to carry out a coherent study to obtain a scientific foundation of TQC. Success of this project is expected to have a great impact on the feasibility of eventually building a topological computer.
Our proposed work is based on our world-leading research in the fractional quantum Hall (FQH) physics. We will study the physics of the 5/2 ground state; the elementary excitations of the 5/2 state and their transport properties; and the quantum interference of these elementary excitations that might be relevant to constructing a quantum bit (or, in short, qubit).
NATURE OF DISORDER MATTERS IN THE 5/2 FRACTIONAL QUANTUM HALL EFFECT
Among all observed fractional quantum Hall effect (FQHE) [1, 2] states, the =5/2 FQHE state [3, 4] in the second Landau level remains the most exotic one. This state has been at the center of current quantum Hall research due to the possibility of it being non-Abelian [5, 6] and, thus, having potential applications in fault-tolerant topological quantum computation [7] .Therefore, there is an urgent need to understand the impact of disorder on this FQHE state, since a larger energy gap at =5/2 would exponentially reduce error rates [7] and make the envisioned quantum computation more robust.
Today, our knowledge of the impact of various kinds of disorder on the 5/2 FQHE, or any other of the FQHE states, remains limited. Indeed, it has long been observed [8, 9 ] that in the lowest Landau level, even after taking into account the finite thickness correction of 2DES and Landau level mixing effect, there is still a discrepancy of ~ 2-3K between the experimentally measured energy gaps of the odd-denominator FQHE states and theoretically calculated ones. This value of discrepancy has also been observed for the 5/2 state and the odd-denominator FQHE stats in the second Landau level [4] . In order to reconcile the discrepancy, often, a very vague quantity termed "disorder broadening" is employed [4] , which does not seem to correlate with the 2DES mobility. Moreover, little is known about the nature of disorder, e.g., the different influence of long range Coulombic and short range neutral disorders, on the energy gap.
On the other hand, understanding the impact of disorder is essential for understanding the nature of a quantum system. As shown in a series of papers [10] , the long standing controversies on the universality of quantum Hall plateau transition is directly linked to the nature of disorder in the 2D channel. In 2DES samples with strong disorder from a short-range neutral alloy potential a perfect power law scaling behavior of quantum Hall plateau-to-plateau transition was observed over more than two decades of temperatures, from 1.2K down to 10 mK. In contrast, in samples with weak disorder from a long-range Coulombic potential a crossover behavior was observed from a non-universal scaling region at high temperatures to a universal scaling region at low temperatures.
In this section, we present our results on how the nature of disorder affects the 5/2 energy gap and, thus, the stability of this state. We compare the activation energy gap data obtained in two types of samples: symmetrically doped modulation quantum well samples and undoped heterojunction insulate-gated field-effect transistors (HIGFETs). In modulation doped quantum well samples, where long-range Coulombic disorder dominates, the energy gap drops quickly with decreasing mobility (or increasing disorder). On the other hand, in HIGFET samples, where the short-range neutral disorder dominates, the 5/2 energy gap shows only a weak mobility dependence. Our results clearly demonstrate that the two types of disorder play very different roles in affecting the stability of the 5/2 state. Possible physical mechanisms are discussed.
For this study we used two HIGFET (heterojunction insulate-gated field-effect transistor) [11] devices, called A and B. Results from these two samples are consistent with each other. Figure 1 shows the mobility () versus electron density (n) obtained in HIGFET A. The mobility first increases with increasing n, reaches a peak of  ~ 14x10 6 cm 2 /Vs around n ~ 1.8x10 11 cm -2 , and then decreases with increasing n. The decrease of mobility with increasing density beyond n ~ 1.8x10 11 cm -2 is due to surface roughness scattering [12] , which is of short-range. The weak kink at n ~ 3.5x10 11 cm -2 is probably due to the onset of occupation of the second electrical subband. We studied the =5/2 state at various densities. In Figure 2a , we show the data obtained in HIGFET B, taken at the high B/T facilities of National High Magnetic Field Laboratory at the University of Florida. Different from the conventional magnetotransport measurement, where the 2D electron density is fixed and the magnetic field is swept, here, the magnetic field is fixed and the gate voltage and hence the carrier densities is swept. This process minimizes heating from eddy currents. As shown in Figure 2a , a well-developed 5/2 state is observed and its diagonal resistance (R xx ) minimum reaches a very low value of ~ 10 ohms at a density of n=2.85x10 11 cm -2 . With decreasing electron density, R xx at =5/2 increases, but the minimum remains visible down to n ~ 0.55x10 11 cm -2 .
The density dependence of the 7/3 state is similar to that of the 5/2 state. However, the 8/3 state shows a slightly different density dependence. Its strength first decreases with decreasing density and then seems to saturate at lower densities. Figure 2b shows the R xx traces at a few selected temperatures taken at a magnetic field B = 4.68T. Clearly, the R xx minimum shows an activated behavior, i.e., R xx increases with increasing temperature. This is different from our previous study [13] and thus allows us to obtain an activation energy value for the 5/2 state, as shown in Fig.2c .
In Fig. 2d , we show the density dependence of the 5/2 energy gap in HIGFET A, in the density range where surface roughness dominates. In this density range, the 5/2 energy gap increases with increasing 2D electron densities. Two important features are apparent: 1) the increase of the 5/2 energy gap is not caused by an increase in electron mobility.
The energy gap at =5/2 increases by a factor of more than 3 from ~0.07 K at n ~1.8x10 11 cm -2 to 0.24 K at ~4x10 11 cm -2 , while over the same density range the mobility actually decreases by a factor of 2. 2) the dependence of the energy gap on density is smooth and no sharp features are apparent. To better appreciate the impact of disorder on the 5/2 state, we plot in Figure 3a the normalized 5/2 energy gap versus electron mobility (measured at zero magnetic field) for HIGFET A. The normalized energy gap, defined by  =5/2 /e 2 /l B , is used to eliminate the density dependence of the energy gap in different samples. For comparison, we include in Fig.3a our 5/2 energy gap data from high quality, symmetrical modulation-doped 30nm quantum wells reported in Ref. [14] . Due to the wide well width, the disorder in such quantum wells is expected to be dominantly by distant ionized impurities and hence long-ranged. We further include the results by other groups [15] [16] [17] [18] [19] [20] , again in modulation doped quantum wells with the same or even larger well width in which the disorder is expected to be also long-ranged. Only the high density data points in Ref. [19] are used. In Fig. 3b , the data of Fig. 2 are plotted as a function of 1/, which is a rough measure of sample disorder. It is clear that the two types of samples, HIGFETs and quantum-wells, show very different mobility dependences. For the modulation doped samples, where sample disorder is of long range, the normalized energy gap decreases sharply with decreasing mobility or increasing disorder. An apparent mobility threshold for a non-zero 5/2 energy gap of ~10x10 6 cm 2 /Vs, is obtained from the extrapolation of a linear fit. On the other hand, in the HIGFET where the disorder is dominantly caused by charge-neutral surface roughness scattering, which is of short-range, a weak mobility dependence is seen. In fact, the normalized energy gap increases slightly with decreasing mobility or increasing disorder. This contrasting behavior suggests that the long-ranged Coulombic and short-ranged charge-neutral disorders play very different roles in affecting the 5/2 energy gap. Before we discuss possible mechanisms that may be responsible for the observed difference, let us first look at the finite thickness effect of 2DES. We calculated the thickness of the 2DES using the self-consistent method for the symmetric quantum wells and the Fang-Howard wavefunction for the HIGFETs. For the majority of the QWs quoted in our paper, the effective thickness, define by w/l B , is roughly the same, w/l B ~ 2.
Here w is the finite thickness of the 2DES in the growth direction and l B the magnetic length at =5/2. For the HIGFETs, due to the fact that w scales as n -1/3 and l B  n -1/2 , w/l B  n -1/6 shows a much weaker density dependence. In our studied density range, it varies between 0.9 and 1.1. We notice that in a recent paper [21] the change in the overlap between the exact wavefaction and the Pfaffian model wavefunction is smooth and the difference is small as w/l B varies from 1 to 2. Thus, it is hard to imagine that this factor of 2 difference in our samples can present such a striking difference in the disorder dependence observed in our experiment.
In the following, we discuss several possibilities that may shed some light on our understanding of the origin of the observed difference in the mobility dependence. One possibility is that the attractive Coulombic interaction between ionized donors in the doping layer and 2D electrons may affect the pairing of composite fermions [22, 23] at  =5/2. Indeed, it is known that Coulomb interaction can cause fluctuations of the phase of the superconducting order parameter and, therefore, destroy superconductivity [24] . Recent studies by Umansky et al [25] and Gamez et al [26] also showed the importance of ionized dopants in suppressing the development of the 5/2 state as well as other quantum Hall states in the second and higher Landau levels.
A second possibility might be related to the size of the quasi-particles at  =5/2. In a recent study by Nübler et al [19] , it was shown that the size of 5/2 quasiparticles is fairly large, ~ 10 magnetic length, or ~ 0.1 m or larger in our density range. Such large size quasiparticles may not be affected at all by the nanometer or sub-nano meter size fluctuations from surface roughness, whereas the long-range fluctuations from remote impurities might assembles the quasi particles into poorly connected puddles of micron size, which affect macroscopic transport and hence the energy gap data.
We also want to address an earlier discussion [27] on long-range and short-range disorder potentials in affecting the bounded magneto-rotons [28, 29] and the current carrying quasiparticles near impurities. It was argued [27] that around impurities the ground state was slightly deformed. Such a deformation is energetically less costly if rotons are being excited, which in turn affect the energy gap of a FQHE state. It is possible that in the presence of long range disorder, such deformations in the 5/2 ground state occurs around the perimeter of electron puddles. As a result, its energy gap is expected to depend on the puddle size, which, in long-range potentials such as the one created by remote impurities of quantum-well samples, is related to electron mobility. In HIGFET samples, on the other hand, the mobility is dominated by short range potential fluctuations from surface roughness and this disorder configuration is largely fixed after sample growth. Therefore, in this case, a weak mobility dependence on the 5/2 energy gap as the 2DES density is varied, is not unexpected.
Finally, our data also can shed some light on the controversy between the 5/2 state being spin polarized or spin-unpolarized. The red line in Fig.2d shows our best fit assuming a fully polarized ground state at =5/2, with  given by  = e 2 /l B -. Here, e is the electron charge, l B is the magnetic length,  is the dielectric constant of GaAs,  is the disorder broadening, and  is a variable. The finite layer-thickness [21, 30] and Landau level mixing effects [19, 31, 32] were not taken into account. The optimum parameters turn out to be =0.00426 and  = 0.23, with  being quite similar to the one we obtained previously [16] . Fitting according to a spin-unpolarized ground state model (i.e.,  = e 2 /l B -g* B B- where the effective g-factor for GaAs g* = 0.44 and  B is the Bohr magneton) yields a much worse result. Indeed, the reduced  2 obtained from the two fittings differs by almost a factor of 10 --0.00004 in spin-polarized fitting versus 0.0003 in spin-unpolarized fitting. This then suggests that our density dependent result of the 5/2 energy gap support a spin polarized 5/2 state.
In summary, we have examined the impact of different kind of disorders on the experimental 5/2 energy gap. We observe that in modulation doped quantum well samples where disorder is dominated by the long-range Coulombic fluctuations the 5/2 energy gap decreases quickly with increasing 1/ or disorder. On the other hand, in HIGFETs, where the disorder is dominantly due to short-range surface roughness fluctuations, the 5/2 energy gap shows a weak mobility dependence. Moreover, our density dependent result of the 5/2 energy gap is consistent with a spin polarized 5/2 state and deviates considerably from a description in terms of a spin-unpolarized state.
SPIN POLARIZATION OF THE 12/5 FRACTIONAL QUANTUM HALL EFFECT
In recent years, the 12/5 state has attracted growing interest [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] due to its superior potential in performing universal topological quantum computation than the 5/2 state [44, 45] . On the other hand, in contrast to the well-documented 5/2 state, much less experimental work has been carried out on this state, partially due to its very fragile nature and an extremely small energy gap. Up to date, except for the observation of a well-developed quantum Hall plateau at this filling [46, 20] there is no direct experimental evidence to support this state being a parafermionic or non-Abelian state.
In this section, we present our tilt magnetic field dependence results in examining the spin-polarization of the 12/5 state. It was observed that the diagonal magneto-resistance R xx at =12/5 shows a non-monotonic dependence on tilt angle . It first increases sharply with increasing , reaching a maximal value of ~ 70  around  ~ 14 o (at which the total B field B total = B perp /cos() = 4.8T.). R xx then decreases with further increase of. Correlated with this dependence of R xx on at the 12/5 activation energy ( 12/5 ) also shows a non-monotonic dependence.  12/5 first decreases with increasing  and vanishes around = 14 o , when R xx becomes non-activated. With further increasing tilt angles, R xx becomes activated again and  12/5 increases with . This tilt B dependence of R xx at =12/5 and of  12/5 are similar to the composite fermion FQHE states at  = 2/5 and 8/5 in the lowest Landau level, which now is generally believed to be due to a spin transition. Our results thus call for more investigations on the nature of the 12/5 ground state.
The ultra-high quality 2DES specimen we used in this experiment is a symmetrically doped Al 0.24 Ga 0.76 As/GaAs/Al 0.24 Ga 0.76 As quantum well (QW). The well width is 30 nm and the set-back distance is 80 nm on both sides of QW. The low temperature 2DES density n = 2.7×10 11 cm -2 and mobility  = 31×10 6 cm 2 /Vs were established after a red light-emitting-diode illumination for several hours at T ~ 4.2K. The size of the sample is about 4 mm × 4 mm with eight indium contacts placed symmetrically around the edges, four at the sample corners and four in the center of the four edges. Our ultralow temperature measurements were conducted in the same setup as in Ref. [47] , where the sample can be tilted in-situ by a hydraulic 3 He rotator. During the tilting process, the perpendicular B field (B perp ) is fixed for each Landau level filling, while the total B field increases with increasing tilt angle according to B total = B perp /cos(). The in-plane B field is aligned with [110] crystal direction. Standard low-frequency lock-in technique is utilized to measure the diagonal resistance R xx (the excitation current perpendicular to the in-plane B field when under tilt), R yy (current parallel to in-plane B field) and Hall resistance R xy . The measurement frequency is ~ 8 Hz and the excitation current is 2-5 nA. During the course of this experiment, the same specimen was thermally recycled from room temperature to the fridge base temperature four times. Data from each cool-down are consistent with each other. Figure 4 shows the R xx trace taken at the first cool-down at a fridge temperature of ~ 20 mK. In this high quality specimen, well developed FQHE states are observed at =14/5(2+4/5), 8/3(2+2/3), 5/2, 7/3(2+1/3), 16/7(2+2/7), and 11/5(2+1/5), evidenced by strong R xx minima and quantized Hall plateaus (as shown in the R xy trace at  = 0 in Fig.5 ). Developing FQHE states are also observed at =19/7(2+5/7), 12/5(2+2/5), 19/8(2+3/8). The observation of these states is consistent with previous work. Besides the above now-generally accepted FQHE states, R xx minima are also observed on both sides of the 5/2 state at B ≈ 4.41T and 4.53T. The one at B ≈ 4.53T can be assigned to the Landau level filling of =2+6/13, consistent with a previous study [20] . Surprisingly, in this sample, a quite strong R xx minimum is also observed at =21/8(2+5/8), the particlehole conjugate state of the =19/8(2+3/8) state. However, this minimum disappears in the R yy trace. It is not clear at the present time whether this disappearance of R yy is extrinsic (such as due to non-perfect ohmic contacts) or intrinsic (such as due to the formation of an anisotropic phase [48] at this filling). Furthermore, between B = 4.9 and 5.0T, there are three R xx local minima. The two at B = 4.92 and 5.00T correspond to the Landau level fillings = 25/11(2+3/11) and 29/13 (2+3/13), respectively. The third minimum at 4.95T, however, is not at any apparent rational filling factor even through it is close to 9/4 (2+1/4). All these three minima disappear in the R yy trace. Further studies are needed to clarify the origins of these new minima. In the left column of Figure 5 , R xx traces are displayed at three selected angles,  = 0, 14, and 27. The 12/5 state first becomes weaker with increasing tilt angle (shown for  = 14), but it becomes a little bit stronger as the tilt angle is further increased ( = 27). This trend is corroborated in the R xy plot and the temperature dependence of R xx . Shown in the middle column, at  = 0, a Hall plateau is clearly visible at =12/5. At  = 14, the plateau disappears and R xy displays roughly linear B dependence. As the tilt angle is further increased to  = 22, a kink starts to develop at =12/5. The temperature dependence data is shown in the right column. At  = 0, R xx is activated. Though the change of R xx is small over the temperature range, nevertheless, an activation energy  12/5 can be obtained from fitting the data according to R xx  exp(- 12/5 /2k B T), and  12/5 ~ 30 mK. At  = 14 degrees, the R xx does not show an activated behavior. Instead, R xx decreases with increasing temperature. As  continues to increase to  = 27, R xx becomes activated again, albeit the activation energy at this tilt angle is much smaller, ~ 3mK. Before we discuss Fig. 6 , we want to point out that the four huge magnetoresistance peaks associated with the re-entrant integer quantum Hall effect [15] disappear quickly as the specimen is tilted away from the sample normal, a phenomenon first reported in Ref. [47] . In Figure 6a , the R xx and R yy values at =12/5 are plotted as a function of B total . The data were taken at the base temperature of ~ 10 mK in the second cool-down. Two features need to be emphasized. First, in the studied tilt angle range, the values of R xx and R yy are roughly the same. The tilt induced anisotropic electron transport is not observed. Second, the diagonal magneto-resistance shows non-monotonic tilt B field dependence. It first increases sharply from a value of ~ 7  at  = 0 to a maximum of ~ 70  at  ~ 14. With further increasing , R xx and R yy decrease gradually to ~ 35  at  ~ 40.
In Figure 6c , the 12/5 activation energy data from two cool-downs are displayed. It also shows a non-monotonic B total dependence.  12/5 decreases quickly from ~ 30 mK at  = 0 to ~ 5 mK at  = 10. Between  ~ 10 and 25 (the gray region), where the curve of R xx (R yy ) vs. B total displays a broad peak, the magneto-resistance is non-activated. As a result,  12/5 can not be deduced. Beyond  = 27,  12/5 re-emerges and increases with increasing tilt angles. On the other hand, since the effective mass follows an empirical relationship of m*/m e ≈ 0.26B  1/2 for the CFs in the lowest Landau level [52] , we assume that this relationship also holds for the CFs in the second Landau level. Consequently, m* = 0.55m e is obtained. For g*, we use the value of 0.6, which has been measured at various evendenominator fillings in the lowest Landau level [53] . With these two values, the lines for j=1 and 2 are drawn in Fig. 6b . It is clearly seen that the peak position in the plot of R xx (R yy ) versus B total (Fig. 6a ) corresponds to the CF Landau level crossing with j=1, just like the 8/5 state in the lowest Landau level [49] and, therefore, strongly supporting the 12/5 state being an IQHE state of CFs. It is interesting that the non-interacting CF model provides a highly plausible explanation to the tilt B field dependent data in Fig. 5a . On the other hand, the apparent agreement may also signal a new exotic correlated state of composite fermions with spin in the 12/5 FQHE, which allows Zeeman engineering between an unpolarized state (its origin unknown but could be a spin singlet non-Abelian state [34] ) and a polarized state (possibly a parafermionic state). In this regard, we do notice that there are a couple of experimental observations that are inconsistent with the CF model. In general, one expects to see a gap opening right after the LL crossing. This is not observed in Fig. 6c , where there exists a fairly large region where R xx remains non-activated and a true activation gap is not obtainable. Second, the increase of  12/5 as a function B total is much weaker after  12/5 reappears, when compared to the decreasing rate in the small tilt angle regime. This is different from the 8/5 and 2/5 states, where a similar magnitude was observed before and after the collapse of energy gap [50, 51] . At the present time, there is no concrete explanation for this discrepancy. One possibility is that there is no spin transition in the 12/5 FQHE. Instead, the non-monotonic angular dependence could be due to a more complicated mechanism, such as a quantum phase transition from a nonAbelian parafemionic state at zero tilt to an exotic quantum state at high tilt angles. In fact, our very preliminary results show that in the high tilt regime the  12/5 value from the temperature dependence of R yy is different from that of R xx , suggesting possibly a co-existence phase of the FQHE liquid state with an anisotropic state [54] . Another possibility is that the small slope in the high tilt angle regime is due to that the 12/5 state being in the different electrical subband. In this regard, we have carried out a selfconsistent calculation for our sample. It is observed in our tilt range in Fig.6 the 12/5 state (as well as the 5/2 state) remains in the second Landau level of the lowest electrical subband and energetically is far away from the low Landau level of the second electrical subband (however, we note here that the coupling between the electrical bands and magnetic Landau levels under tilt was not considered in the self-consistent calculations.). Moreover, it is clear that in Fig. 7a  5/2 decreases continuously with increasing tilt angles and there is no large change in the 5/2 energy gap, as observed by Liu et al [55] when the two electrical subbands cross each other.
Finally, it is interesting to observe that the tilt magnetic field induced anisotropic phase was not observed at =5/2 in this sample, and R xx and R yy are more or less the same even when the 5/2 FQHE state is destroyed at  ~ 40, as shown in Figure 7b . This isotropic tilt B field dependent behavior at =5/2 has also been observed in previous work [56] . The exact origin remains unknown at the present time.
To summarize, we have carried out tilt magnetic field dependent studies of the 12/5 fractional quantum Hall effect state. Its diagonal magneto-resistance R xx shows a nonmonotonic dependence on tilt angle, and displays a maximum at  ~ 14. We show that this tilt dependence can be understood within the model of CFs with a spin, with appropriate m* and g* values assumed. Furthermore, correlated with the tilt dependence of R xx and R yy , the 12/5 activation energy  12/5 also shows a non-monotonic B dependence. This tilt B dependence of R xx and  12/5 is in striking difference from that of the well-documented 5/2 state and, thus, calls for more investigations of the nature of the 12/5 FQHE.
SPIN TRANSITION IN THE =8/3 FRACTIONAL QUANTUM HALL EFFECT
The fractional quantum Hall effect (FQHE) [1, 2] in the second Landau level has attracted a great deal of interests in recent years due to its possible applications in fault-resistant topological quantum computation [7] . Tremendous advance has been achieved in understanding the most celebrated 5/2 FQHE state, believed to be due to paring [5] of composite fermions (CF) [57] [58] [59] and that its elementary excitations obey non-Abelian statistics.
In addition to the 5/2 state, many odd-denominator FQHE states have also been observed, for example at Landau level fillings =7/3 and 8/3 [3, 4, [14] [15] [16] [17] [18] [19] [20] 46, 55, 60, 61] . In contrast to the 5/2 state, much less work has been carried out for these states. On the other hand, unlike the odd-denominator FQHE state in the first Landau level, where most of them are well understood within the picture of either the hierarchical model [62, 63] or CF model [57] [58] [59] , the nature of the odd-denominator FQHE states in the second Landau level remains largely unsettled [64] . This is even true for the most prominent ones at the simplest odd-denominator Landau level fillings =7/3 and 8/3. Indeed, a Laughlin type FQHE state was originally ruled out for these two states based on finite size, few particles calculations [65, 66] . More recent detailed calculations have also shown that the model of weakly interacting composite fermions is not adequate for these second Landau level fractions [64] . Over the years, proposals of novel ground states [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] have been put forward. It is expected that a deep understanding of the FQHE in the second Landau level will lead to much exciting many-body physics [64] .
Experimentally, currently available transport results appear more complex than expected from a simple analogy of their counterparts (the =1/3 and 2/3 FQHE states) in the first Landau level. For example, it has been observed by many groups that the energy gap of the 7/3 state is roughly two times that of the 8/3 state. This difference cannot be explained by assuming these two states are particle-hole conjugate states and, thus, by the slight difference in B-field at ν=7/3 and ν=8/3. As a result, an explanation related to spin polarization was proposed [14] . Naively, extrapolating from the lowest Landau level, one might expect that the 7/3 state is spin polarized, whereas the 8/3 state is unpolarized. However, one earlier theoretical paper [71] predicts that the ν=8/3 state is also spinpolarized even at vanishingly small Zeeman energies.
To study the spin-polarization of a FQHE state, the commonly used experimental technique is to tilt sample in-situ in magnetic fields at very low temperatures [72] [73] [74] . By so doing, one varies the relative strength of the Zeeman energy (E z ) and the Coulomb energy (E c ), where E z = g* B B total and E c = e 2 /l B . g*=0.44 is the effective g-factor,  B the Bohr magneton. B total = B perp /cos() is the total magnetic field under tilt, B perp the perpendicular magnetic field to the sample normal and  the tilt angle. l B = (ħ/eB perp ) 1/2 is the magnetic length, ħ the Planck constant, e the electron charge.  is the dielectric constant of GaAs. However, this technique appears to be complicated to tackle the spin polarization in the second Landau level due to a strong coupling of the orbital motion.
Indeed, experimental attempts [75, 76, 47, 18, 56, 54] under this approach have shown surprisingly complex behaviors. First, it was observed [75, 76] that the in-plane magnetic field from tilting can induce a phase transition from the quantum Hall effect phase to an anisotropic phase in the second Landau level. Then, the mixing of different electric subbands under tilt can give rise to totally different tilt magnetic field dependence of the 7/3 and 8/3 energy gaps in samples of different well width [54] , thus making asserting their spin polarization almost impossible.
In this section, we use a different approach and study the spin polarization of the 7/3 and 8/3 states as a function of electron density (n). Under this approach, the B-field is always perpendicular to the two-dimensional electron system (2DES). By changing the 2DES density, the ratio of Coulomb energy E c to the Zeeman energy E z also changes, since E c ~ n 1/2 and E z ~ n. In this regard, the density dependence approach is equivalent to tilting magnetic field but it cannot cause a tilt-field induced phase transition. It is observed that in the density range between 0.5×10 11 and 3×10 11 cm -2 , the energy gap of the 8/3 state ( 8/3 ) first decreases with increasing density, nearly disappears at n ~ 0.8×10 11 cm -2 . Beyond this density,  8/3 increases with increasing density. This density dependence of  8/3 clearly signals a spin transition at this filling factor. For comparison, the energy gap of the 7/3 state ( 7/3 ) shows a monotonic density dependence, supporting a spin polarized state down to 0.5×10 11 cm -2 . The specimens we used in this study are a series of high quality symmetrically doped GaAs quantum wells. Table I lists the sample parameters, including the 2DES density, mobility, and quantum well width (W), and the ratio of W/l B at the Landau level filling =8/3. The low-temperature electron density and mobility were established by a brief red light-emitting diode illumination at 4.2K. Standard low-frequency lock-in technique (~ 11Hz) was utilized to measure the magnetoresistance R xx and Hall resistance R xy .
In Figure 8a , we show the R xx trace for sample C. A fully developed 5/2 state is clearly seen at B ~ 1.3T, i.e., vanishingly small R xx and a quantized R xy (not shown). This is so far the lowest B field that a fully developed 5/2 FQHE state has been reported. R xx minimum is also observed at other filling factors =7/3, 8/3, 11/5, and 14/5. In Fig.8b , a semi-log plot of R xx versus 1/T is shown for =8/3 and 7/3. From fitting, the energy gaps at these two fillings are obtained:  7/3 ~ 35 mK and  8/3 ~ 10 mK.
In Fig. 8c , we show the R xx trace at a lower electron density of n=0.5×10 11 cm -2 . In this lower density sample, only the strongest FQHE states at =8/3, 5/2, and 7/3 are seen. What is really surprising is that the 8/3 state is the strongest among the three FQHE states. This is also corroborated when examining their activation energy gaps (shown in Fig.8d ):  7/3 ~ 5 mK and  8/3 ~ 45 mK. 
Figure 8: Magneto-resistance R xx for sample C (Fig. 8a) and A (Fig. 8c) . Arrows mark the positions of the FQHE states at =8/3, 5/2, and 7/3. Fig. 8b and Fig. 8d show the temperature dependence of R xx at =8/3 (filled squares) and 7/3 (open squares) in these two samples, respectively. The lines are linear fit.
In Figure 9a and 9b, we plot the energy gaps at =8/3 and 7/3 as a function of electron density. It is clear that the energy gap of the 8/3 state first decreases with increasing density, nearly disappears at n ~ 0.8×10 11 cm -2 . Beyond this density,  8/3 increases with increasing density. This change observed in the 8/3 energy gap is very similar to what was observed in the =2/3 FQHE in the lowest Landau level [77, 78] and demonstrates a spin transition [77] [78] [79] [80] [81] [82] [83] [84] [85] from a spin unpolarized ground state at low densities to a spin polarized one at higher densities. For comparison,  7/3 shows a monotonic density dependence, supporting that the 7/3 state is spin-polarized down to 0.5×10 11 cm -2 .
Before we discuss the implications of the above observation, we want to point out that the observed spin transition is intrinsic and cannot be induced by extrinsic means, such as finite thickness [86] or Landau level mixing [87] . First, it has been shown that the spin polarization of a FQHE state is insensitive to the finite-thickness correction [71] . Second, in this experiment, the quantum well width is varied in accordance with the electron density so that the parameter, W/l B , a measure of effective thickness of 2DES, remains more or less the same in all samples, as shown in Table I . Consequently, the percentage of the reduction to the energy gap calculated for an ideal 2DEG is roughly the same for all the samples. The Landau level mixing (LLM) effect cannot cause the above spin transition, either. It is known that LLM is strong at low electron densities [87] . As a result, the reduction of energy gap due to LLM should be larger at low densities, actually smearing the sharpness of transition if the intrinsic gap were plotted. In a recent publication, Liu et al showed there exists a giant enhancement in the 5/2 energy gap in the vicinity of the crossing between Landau levels belonging to the different (symmetric and antisymmetric) electric subbands [55] . A self consistent calculation for our samples has ruled out this possibility for a large =8/3 energy gap in the low density regime.
The observation of a spin transition at 8/3 is contradictory to the conclusion reached in Ref. [71] , where the authors found from their numerical calculation that the 8/3 state was different from the 2/3 state and remained spin polarized even at vanishingly small Zeeman energy. This is, as they argued, because the more repulsive effective interactions in the second Landau level force electrons to occupy the maximum spin state. Our experimental results, however, show that the 8/3 state behaves very much like the 2/3 state and display a spin transition as a function of density. One may argue that the theoretical calculation was carried out at a 2DES density of ~ 2.8×10 11 cm -2 , which is much larger than the transition density of 0.8×10 11 cm -2 . On the other hand, the relevant parameter in determining the spin polarization of a FQHE state is the ratio of the Zeeman energy E z to Coulomb energy E c [88] . At n=0.5×10 11 cm -2 , E z /E c ~ 0.005. Using the parameters quoted in Ref. [71] , n=2.8×10 11 cm -2 and g*=0.05, E z /E c is much smaller, ~ 0.0015. Thus, the 8/3 state considered in Ref. [71] should be deeper in the unpolarized regime, instead of being fully polarized predicted by the theoretical calculations.
A spin unpolarized ground state at =8/3 is also inconsistent with the models of a spin-polarized non-Abelian state for the 3 rd FQHE states in the second Landau level. On the other hand, it remains unclear whether it can be a two-component non-Abelian state [70] , or a paired spinsinglet quantum Hall state [67] , or a boundary state between the Abelian and non-Abelain states [69] . Our current data are not able to address this question.
The observation of a spin transition at 8/3 and a spin polarized 7/3 state, on the other hand, is mostly consistent with the composite fermion model with a spin [49] . This can be derived from a simple analogy of their counterparts in the first Landau level. Under the CF model, the 7/3 state is mapped onto the *=1 interger quantum Hall effect (IQHE) state of the CFs emanating from the 1/2 state in the second Landau level and, thus, is spin polarized. The 8/3 state is the *=2 IQHE sate of the CFs and is spin unpolarized at small effective magnetic fields, or low electron densities. With increasing density, CF Landau level crossing can occur [49] and the 8/3 state becomes spin-polarized beyond the critical density.
One remark is in order before we conclude this paper. Unlike in the high density regime where  7/3 is roughly twice of  8/3 , at n=0.5×10 11 cm -2  7/3 is much smaller than  8/3 . In fact,  8/3 ~ 10 ×  7/3 . This big difference probably can be explained under the CF model with a spin, where the energy gap at *=1 or =7/3 is due to Zeeman splitting of CFs and the energy gap at *=2 or =8/3 is due to cyclotron gap. Alternatively, it is possible that the 7/3 state may also be spin unpolarized at even lower electron densities than studied in this experiment, and the spin transition occurs very close to 0.5×10 11 cm -2 , where a tiny 7/3 gap was observed. On the other hand, a spin-unpolarized 7/3 state is not expected under the CF picture.
In summary, we have carried out density dependence of the energy gaps at =8/3 and 7/3 in a series of high quality quantum wells. A spin transition is observed in the 8/3 FQHE. The 7/3 state appears to be spin polarized down to 0.5×10 11 cm -2 .
EDGE CHANNEL TUNNELING SPECTROSCOPY OF 5/2 FRACTIONAL QUANTUM HALL EXCITATIONS IN ETCH DEFINED QUANTUM POINT CONTACTS
Ever since its discovery the fractional quantum Hall (FQH) state at the even denominator fillingfraction 5/2 has triggered a number of theoretical and experimental studies [3, 4] . There is also a renewed interest in the study of 5/2 state due to the proposed fault-tolerant topological quantum computation, which is based on a system obeying non-Abelian statistics [7, [89] [90] [91] . The prevailing understanding is that the 5/2 state consists of composite-Fermion pairs condensed into a BCS like ground state. Within this interpretation the ground state excitations or the quasiparticles of 5/2 state posses' non-Abelian statistics and associated topological properties. More over quasiparticles of 5/2 states are energetically separated from the excited states. Based on this energy separation theory predicts an error rate of < 10 -30 for the 5/2 state based topological qubits, far superior to other candidates for qubits in terms of error-free computation [7] . If proved non-Abelian, quasiparticles of 5/2 state will provide a clean and simple system for the realization of topological qubits. The excitations of a quantum Hall state are chiral Luttinger liquid propagating along the edges of the sample whose direction of propagation is defined by the Lorentz-force direction. Physics of these edge channels can be probed by allowing the edge states to interact with each other. These interactions are nonexistent in bulk samples due to the large separation between the edges. In samples with confined geometries such as quantum point contacts (QPC) these edge-states can be brought together facilitating inter-edge interactions. Theoretically proposed studies utilize inter-edge tunneling of quasiparticles as tool to study their properties [92] . There have been a few experimental efforts to study the quasiparticles of 1/3 filling-fraction [93] [94] , not much attempts to study 5/2 state in confined geometries [16, 95] . This is partially due to the fact that unlike other states 5/2 state is very fragile and can be observed only in samples with highest quality. In this work we report formation of 5/2 FQH state in a QPC defined on a high mobility GaAs/AlGaAs two dimensional electron gas. We conduct tunneling experiments of quasiparticles in this QPC and, from the temperature and the bias dependence of tunneling conductance, we obtain the effective charge and Coulomb interaction parameters.
Our device consist of a QPC formed on a GaAs/AlGaAs heterostructure with a surface carrier concentration n s ~ 1.6 X 10
11
/cm 2 and a mobility 15 X10 6 cm 2 /Vs. Fig. 10 (a) shows an optical micrograph of a representative device. There are five ohmic contacts on either side of the QPC defined by optical lithography followed by Ni/Au/Ge/Ni/Au deposition and high temperature annealing. QPCs are generally fabricated by electron-beam lithography. Even though finer control of the geometrical size of the devices can be achieved, during electron-beam lithography the material properties tend to degrade. Formation of 5/2 FQH state is very sensitive to the quality of the material and here we utilize an all-optical lithography process to fabricate our device to preserve the heterostructure quality. The QPC gates are defined by optical lithography followed by dry etching and deposition of Cr/Au Schottky gates. The etch defines the constriction without applying any gate voltage and helps to maintain a uniform electron density and filling-fraction around the constriction. In the absence of the etch one will have to apply a very low gate-voltage to create the constriction causing a non-uniform electron density profile in the vicinity. All the measurements were carried out in the milli-Kelvin temperature range in a dilution refrigerator. Standard four-probe lock-in technique in the AC or AC+DC mode is used for all the measurements. A schematic diagram of the measurement setup is given in Fig. 10 (a) . The Hall voltage V xy and the diagonal voltage V D are measured simultaneously. Fig 10 (b) is a plot of the QPC resistance as function of gate voltage V g . Well formed steps in units of resistance quantum starting from zero gate voltage down to the complete pinch-off of the channel is a signature of a well-defined QPC. Fig. 11 (a) shows a plot of R D, the diagonal differential resistance across the QPC as a function of magnetic field B normal to the sample showing integer quantum Hall plateaus corresponding to the filling-fractions v = 2 and v = 3. The plateau around B = 2.73 T correspond to v = 5/2 fillingfraction. For a better visibility we take numerical derivative of the data in Fig. 11 (a) and is given in Fig. 11 (b) . A well-defined dip at B = 2.73 T corresponds to the formation of 5/2 state.
Next, we discuss tunneling experiments in the QPC at v = 5/2 filling-fraction [ Fig. 11 (c) ]. In these experiments both the Hall resistance R xy and the diagonal resistance R D across the QPC are measured simultaneously as shown in Fig. 10 (a) . The tunnel conductance reflects the contribution to the total conductance due to the quasiparticles tunneling between the edge channels at the constriction. The green curve in Fig 11. The absence of any peak for v = 2 and the presence of a zero bias peak at v = 5/2 implies that the tunneling is due to the quasiparticles [93] . This also confirms that tunneling happens only between the top-most counter-propagating edge-states and, our device is in the weak-tunneling regime.
Weak tunneling between counter-propagating edge-channels in constrictions has been proposed as a tool to study quasiparticles properties long back [92, 96] and, has been experimentally studied in the recent past [93, 95] . According to the theory, the tunneling conductance g T is a strong function of the potential difference between the counter propagating edges and also of the temperature and is given by the formula where, . Where, A is the amplitude, V D is the potential difference between the counter propagating edge states, T is the temperature, is the digamma function and B is the beta function. In the quantum Hall regime V D = R H I DC . Fig. 11 (c) shows quasiparticles tunneling conductance for v = 5/2 filling-fraction as a function of DC source-drain bias current I DC for three sample temperatures, 15 mK, 100 mK and, 150 mK. The tunneling I-g T curves are consistent with the expression for weak tunneling of quasiparticles. A global fit to the data using the expression is also given in Fig. 11 (c) [blue curves]. For the fits A, g and g T 0 are kept as free parameters. e* is kept ¼. From the fits we obtain Coulomb interaction parameter g = 0.7.
In conclusion we have fabricated QPC devices on a high mobility GaAs/AlGaAs heterostructure. We observe well-defined quantized plateaus in the QPC conductance. We have observed FQH plateau corresponding to the v = 5/2 filling-fraction. We have conducted tunneling experiments enabling us to characterize the quasiparticles properties.
SUMMARY AND OUTLOOK
This LDRD was successful in studying the physics of the 5/2 fractional quantum Hall effect state, a leading contender for realizing topological quantum computation. First, we have examined the impact of different kind of disorders on the experimental 5/2 energy gap. We observe that in modulation doped quantum well samples where disorder is dominated by the long-range Coulombic fluctuations the 5/2 energy gap decreases quickly with increasing 1/ or disorder. On the other hand, in HIGFETs, where the disorder is dominantly due to short-range surface roughness fluctuations, the 5/2 energy gap shows a weak mobility dependence. Moreover, our density dependent result of the 5/2 energy gap is consistent with a spin polarized 5/2 state and deviate considerable from a description in terms of a spin-unpolarized state.
Second, we have carried out tilt magnetic field dependent studies of the 12/5 fractional quantum Hall effect state. Its diagonal magneto-resistance R xx shows a non-monotonic dependence on tilt angle, and displays a maximum at  ~ 14. We show that this tilt dependence can be understood within the model of CFs with a spin, with appropriate m* and g* values assumed. Furthermore, correlated with the tilt dependence of R xx and R yy , the 12/5 activation energy  12/5 also shows a non-monotonic B dependence. This tilt B dependence of R xx and  12/5 is in striking difference from that of the well-documented 5/2 state and, thus, calls for more investigations of the nature of the 12/5 FQHE.
Third, we have carried out density dependence of the energy gaps at =8/3 and 7/3 in a series of high quality quantum wells. A spin transition is observed in the 8/3 FQHE. The 7/3 state appears to be spin polarized down to 0.5×10 11 cm -2 .
Finally, we have fabricated QPC devices on a high mobility GaAs/AlGaAs heterostructure. We observe well-defined quantized plateaus in the QPC conductance. We have observed FQH plateau corresponding to the v = 5/2 filling-fraction. We have conducted tunneling experiments enabling us to characterize the quasiparticles properties.
In terms of outlook, what was written in an internal report prepared several years ago is still relevant. There are several proposed ways in which a topological quantum computer could operate using the 5/2 state. Each measures the state of qubits by measuring the interference around a loop, or cell, which encloses the anyons to be measured. Techniques for performing qubit gates include an edge-state approach, which uses single particles on the edge of the FQHE state to braid with localized anyons contained in cells, and a measurement-only approach, which uses a series of measurements on localized anyons to braid the anyons. The edge-state approach requires precise timing of control electronics, but can be implemented using a standard quantum hall device structure. The measurement-only approach requires a more complex device structure, but has the advantage that all braids can be performed and less precision is needed in the controlling electronics. In either case, braiding alone cannot implement all the qubit gates necessary for universal quantum computation, and additional non-topologically-protected gates must be used. Fortunately, these non-protected gates can be quite noisy as long as a large number of qubits can be implemented. More specifically, there is a tradeoff between the number of "overhead" qubits (in addition to the number of logical qubits required for a computation) that are required and the intrinsic error of the non-protected gates.
In order to implement the proposed experiments to measure quasiparticle properties and later encode qubits, real devices will need to be fabricated on high mobility GaAs heterostructures that are consistent with preserving the quality of the 2D electron system and the high energy gap of the =5/2 quantum Hall state. Existing processing techniques are reviewed, and fabrication requirements to create complicated topological quantum computing cells are discussed. For single cells, more complicated gate patterns using strips, anti-dots in the cell and tunnel barrier and grids of gates, called pixel gates, allows enough flexibility to implement many of the intermediate experiments and both the edge-state and measurement-only approaches to TQC. Even a single qubit, however, will require more than one cell. A linear chain of cells with the appropriate gates and ohmic contacts is considered that is consistent with internal anti-dots and the more complicated gate patterns for the single cells. As multiple cells in this linear chain are operated, access to ohmic contacts will require some gates to cycle local densities from the "bulk" density at 5/2 to complete depletion.
